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ABSTRACT

Bisphenol A used in the production of polycarbonate plastics and epoxy resins is
ubiquitous in the environment. The raw material is released to the environment during the
manufacturing process and by leaching from consumer products. Recent studies are
suggesting that low-dose amounts of Bisphenol A may have adverse health effects on
humans. The possibility of removing Bisphenol A from natural water sources or from
solvents used to extract the material from consumer products before they enter the market
has been studied. The use of model compounds and related substances
(4-isopropylphenol, 4-(t-butyl) phenol, and nitrophenols) have been used to study their
removal from aqueous solutions using column chromatography and Octolig®, a
commercially available material with polyethylenediamine moieties covalently bonded to
high-surface area silica gel. The experimental results suggest that 2-nitrophenol and 4nitrophenol can be successfully removed while 3-nitrophenol, 4-isopropylphenol, and 4(t-butyl) phenol did not yield a high percent removal. A look at the pKa of the
compounds provides an interesting explanation of the results. It is suggested that the
compounds with a pKa of approximately 8.3 or higher would require the solution to be at
a high pH for anion formation. The resulting pH of the solution would simultaneously
deprotonate the ethylenediamine moieties of Octolig® rendering it incapable of removing
the anions by ionic interaction.

ix

1. INTRODUCTION
Bisphenol A (BPA) is a widely produced compound for its use in the synthesis of
polycarbonate plastics and epoxy resins.[1] Prior to the compound being used as a raw
material for plastics the estrogenic activity of BPA was confirmed in a search for
synthetic hormones. The estrogenic activity of BPA has raised concern to the amount
entering the environment, through plastics production and consumer product use, and the
possible effect it may have on human health. Early toxicological studies on BPA resulted
in the United States Environmental Protection Agency (EPA) setting the tolerable daily
intake at 50 µg/kg body weight (bw)/day.[1] However, many low-dose studies suggest that
the tolerable daily intake make need to be reevaluated.[2]
A study by Yang and co-workers showed that BPA was successfully extracted
from consumer products using the solvents ethanol and saline.[3] The question is raised of
how to possibly remove BPA from natural water sources or extraction solvents, so they
may be properly disposed. The study of this thesis investigated the use of column
chromatography and the material Octolig® for the removal of BPA model compounds
from aqueous solutions. Having read a material safety data sheet (MSDS) for BPA and
noting “Risk of serious damage to eyes” in addition to The Author being female and that
BPA mimics a female hormone, the critical experiment using BPA was not
considered.[1,4]Octolig® is a commercially available silica gel substrate particle with
covalently linked polyethylenediamine moieties which has been shown to remove ions
from aqueous samples. A chromatographic column was packed with Octolig® and
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aqueous samples of BPA model compounds were passed through the column. Analysis of
the column eluent was performed to determine the percent removal.

1.1 Background
bis(4-hydroxydiphenyl)
hydroxydiphenyl) propane, was first synthesized in 1891 by
BPA, or 2,2-bis(4
A.P. Dianin.[5] During the 1930’s BPA was investigated for estrogenic activity along with
w
other synthetic compounds. The estrogenic activity of BPA was confirmed, however,
another related compound, diethylstilbestrol, was determined to be more potent. The use
of BPA as a synthetic
tic estrogen was abandoned.[5,6]
In the 1940’s
940’s BPA was introduced in the plastics industry as a widely used
primary raw material. BPA is used in the production of polycarbonate plastics, epoxy
resins, lacquer coatings, and in den
dental composites and sealants.[5,7] Many of the plastics
made from BPA are used in common consumer products such as toys, drinking
containers, eyeglass lenses, medical equipment and electronics, and thermographic and
pressure-sensitive
sensitive papers, such as those used for sales receipts. With the many uses of
BPA in consumer products it has become one of the highest volume chemicals produced
worldwide.[8] The production pathway of BPA is shown below:

2 C6H5OH +
phenol

BPA +


ac
acetone

+ H2O

(1)

BPA

(2)


phosgene

polycarbonate
(3)


BPA +
Epichlorohydrin

epoxy resin
2

Eqn. (1) shows the condensation of phenol and acetone to produce BPA. This is
usually performed in the presence of an acid catalyst, hydrochloric acid, or with the use
of cation exchange resins.[9] The production of polycarbonate plastics accounts for
approximately 65% of the consumption of BPA, Eqn. (2). Epoxy resins are the second
largest use for BPA accounting for about 30% of the consumption, Eqn. (3).[9]
The estimated production of BPA in the US in 2004 was approximately 1 million
tons. In 2005 and 2006 the European Union (E.U.) produced approximately 1.15 million
tons of BPA per year.[10] In 2010 the global demand for BPA in manufacturing was
expected to grow from 3.9 million tons, in 2006, to about 5 million tons. The United
States market was predicted to grow at a rate of 4.5%/year and 3.5%/year for
polycarbonates and epoxy resins, respectively, up to 2010. The strongest growth was in
Asia from 2000-2006 where the use of BPA in manufacturing grew 13% annually.[11] The
high consumption of BPA in the plastics industry has caused concern to the
environmental levels of BPA and to possible adverse health effects.

1.2 Occurrence of Bisphenol A in the Environment
Given the mass production of BPA and its extensive use in products it is expected
that BPA will find its way to the environment. The already confirmed estrogenic activity
of BPA has raised some concern as to the levels that the environment and humans may be
in contact with. BPA can enter the natural environment’s water sources, air, and soil
during manufacturing and processing. The presence of BPA in the natural environment
may have an effect on both wildlife and the ecology.[11,12] The widespread uses of BPA in
consumer products provide another path for entering the environment. BPA has been
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found to leach into the environment from landfills in which polyvinylchloride products
and thermographic paper is often a source of unreacted BPA. The decomposition of
polycarbonate and epoxy resins may also be releasing BPA to the environment.[13-15]
Aside from BPA entering the natural environment, humans have direct exposure to BPA
through the use of polycarbonates and epoxy resins used in food storage containers.
Many investigations have looked at the amount of human exposure to BPA via
interaction with the environment and use of BPA based consumer products.[2,8,16-18]

1.2.1. Bisphenol A in the Natural Environment
Due to the large use of BPA in the plastics industry BPA is released during the
manufacturing process. It may be released as fugitive dust from closed systems during the
processing, handling, and transportation of the material.[14] Molten BPA may be released
due to the high temperature used during the manufacturing process. Additionally, the
vapor pressure may be increased at these elevated temperatures increasing the amount of
BPA entering the atmosphere.[14] BPA has also been found to leach into the environment
from plastics and thermographic papers found in landfills, and pipe linings transporting
water.[11,13-15]
The EPA Toxic Release Inventory in the U.S. estimated the amount of BPA
released to the environment. In 2002 the estimates were 85,300 kg of stack and fugitive
emissions to air, 3,500 kg directly to water, 1,100 kg to water after 90% removal in
treatment plants, and an additional 10,000 kg to water from indirect sources such as
landfills.[14] According to the E.U. risk assessment, total releases of BPA are similar to
that in the U.S., but from different sources. Approximately 2,140 kg of BPA was released
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to air; and 86,500 kg was estimated to be released to water from both direct and indirect
sources.[14] In South Taiwan BPA levels were found to be up to 228 ng/L in river waters
and up to 16,200 ng/L in industrial wastewaters. At Tokyo Bay, Japan BPA levels were
up to 900 ng/L and 30.1 ng/L in river waters and surface seawater, respectively. In the
U.S. BPA had a maximum level of 420 ng/L in drinking water treatment plants and up to
3642 ng/L at domestic wastewater treatment plants.[11]
It becomes evident that the release of BPA to the natural environment is of
concern in many countries. The half-life of BPA in the aquatic environment is
approximately 2-7 days.[19] The half-life for BPA in the air was predicted to be 0.74-7.4
hours due to hydroxyl radical attack.[14] However, the octanol-air partition coefficient is
estimated to be 2.6 × 1012, which suggests that BPA in the vapor phase will strongly sorb
to solid surfaces such as soil and vegetation where it may experience a longer half-life.[14]
While the half-life of BPA is relatively short the ubiquity of the substance provides a
continuous supply to the environment.[11,19]

1.2.2. Presence of Bisphenol A in Food and Consumer Products
Food and beverage cans often have an epoxy resin coating to protect the food and
prevent interaction with the metal. Epoxy resins are suitable as they are resistant to many
solvents and can bond to a metal substrate.[2,16] The production of such epoxy resins uses
BPA diglycidyl ether (BADGE) which is produced from a reaction of BPA with
epichlorohydrin, Eqn. (3). Residues of unreacted BPA present in BADGE can migrate
into food. Additionally, non-crossed linked residues of BADGE in the can coating can
migrate into the food which can be accelerated at elevated temperatures.[8,17]

5

Several studies have investigated the levels of BPA in canned foods. Goodson et
al. detected BPA in 38 out of 62 different canned foods that were purchased in 2000 from
the U.S. and several European countries. In their study, canned meats typically had the
highest levels of detected BPA with ham having up to 0.422 mg/kg.[2,17] The acidity or
salinity of the food content tended to increase the levels of BPA detected in the food
content. For example, 0.016 mg/kg of BPA was detected in canned peas in water while
up to 0.037 mg/kg was detected in canned green beans in salt water.[2,8] Takao et al.
investigated the effect of heat treated cans on the release of BPA into water. Food cans
packed with water were heated for 30 minutes at 80 or 100°C; a typical temperature used
in the packing of food cans.[20] Compared to unheated cans, when heated at 100 °C the
amount of BPA leached into the water increased from 0.06 to 32 ng/cm2. At 80 °C the
amount leached into water reduced by about two-thirds compared to 100 °C.[20]
Other studies have looked at the amount of BPA found in infant formula and soft
drinks. Biles et al. analyzed several major manufacturers of infant formula in the United
States and found up to 13.2 µg/L in one brand of infant formula concentrate. The amount
of BPA consumed would be assumed to be less as the formula concentrate would be
diluted.[16] Cao et al. investigated the levels of BPA in 72 samples of canned soft drinks.
Except for three samples in which BPA could not be detected, due to detection
interference by quinine hydrochloride in tonic water, BPA was found in all other
samples.[17] The BPA level in the canned drinks ranged from 0.032 to 4.5 µg/L. Using the
highest level of BPA detected, 4.5 µg/L, the estimated daily intake from canned soft
drinks for an adult with body weight 60 kg was 0.027 µg/kg.[17] While this level of
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dietary intake is low it does not account for the multiple other sources of BPA that people
come into contact with on a daily basis.
One study examined the amount of BPA that leaches to food from reusable food
storage containers. Microwaveable polycarbonate plastic containers were found to
contain up to 30 µg/g of plastic and potential leaching amount was estimated to be 6.5
µg/g.[8] Five types of polyvinyl chloride food wraps were investigated and four of the
wraps had measureable BPA levels up to 0.483 mg/g of plastic wrap.[8] The migration of
BPA from the food wraps into water, 3% acetic acid, and olive oil was tested. Three out
of the five plastic wraps showed leaching into water and acetic acid while four of the
wraps had BPA leach into olive oil.[8] A less obvious source of BPA was found to be in
paper and cardboard food containers often used for take-out food. In one study, forty
containers were collected in European countries and 45% of them contained BPA in
detectable amounts.[8] Polycarbonate baby bottles were also examined for their potential
to release BPA to water.[21] New baby bottles were tested by filling them with boiling
water for 1 hour. The average amount of BPA that leached from new bottles was 0.23 ±
0.12 µg/L. The baby bottles were subjected to dishwashing, boiling water, and brushing,
and the amount of BPA that leached into the water increased up to 8.4 ± 4 µg/L.[21]

1.2.3. Human exposure to Bisphenol A through the environment
Several studies suggest that the intake of BPA is greater for young children
compared to adults.[18,21,22] Due to their rapid physical development, higher respiratory
and metabolic rates, and their activities, children are more vulnerable to exposure and
intake. BPA has an octanol-water partition coefficient (log P) of 3.32 suggesting that it
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has high potential to partition into fatty tissue and breast milk.[23] A study on BPA level
in healthy breast milk found BPA concentrations of 0.61 ± 0.20 ng/mL.[23] It was
previously shown that polycarbonate baby bottles, under normal use, leached BPA into
the liquid being contained.[21] Newborns, because of their lower body weight, are
estimated to be exposed to the highest levels of BPA reaching levels up to 24 µg/kg
bw/day. By the age of 3 months the dietary exposure has been estimated to drop to
approximately 15 µg/kg bw/day.[8] One study investigated the exposure levels of BPA for
preschool children, ages 1.5 to 5 years, in the home and daycare environment. The study
suggested that 99% of the children’s exposure was through diet and was estimated to
range from 52 to 74 ng/kg bw/day. It was also estimated that exposure through inhalation
ranged from 0.24 to 0.41 ng/kg bw/day.[22] While young children are exposed to the
highest levels of BPA the estimated daily intake of BPA in the United States for the
overall population in 2011 is approximately 34 ng/kg bw/day.[18] As of 2009 the
European Food Safety Authority and the US EPA give a value of 50 µg/kg bw/day as the
tolerable daily intake of BPA.[18] Estimations of the daily intake of BPA are much lower
than the tolerable amount determined by the EPA.[18,22,23] One study suggests that despite
the relatively low estimated levels of human exposure, dietary intakes of BPA of up to
100 mg/day/adult would be required to explain reported levels found in humans.[8]
Welshons et al. suggests that to account for the levels of BPA found in humans that the
actual intake of BPA may be higher than what is estimated and/or daily, long-term intake
of BPA may lead to bioaccumulation.[1]
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1.3 Is Bisphenol A a potential health risk?
As previously stated, the estrogenic activity (EA) of BPA was confirmed, but its
use as a synthetic estrogen was abandoned due to other compounds being more potent.[6]
In more recent times, BPA has been a widely used compound in the production of many
polycarbonate plastics and epoxy resins. The residual BPA in these products have been
found to leach into food products and the environment making its presence and exposure
to humans ubiquitous. The “safe” value of 50 µg/kg bw/day determined by the EPA is
based on toxicological studies from the 1980’s in which the lowest dose in the studies
was 1000 times higher than the predicted safe dose.[1] While the debate on the safety of
the compound is ongoing, many animal and cell-culture studies have linked the low-level
EA of BPA to many adverse health effects, such as obesity, reproductive health
problems, behavioral problems, and breast and prostate cancer.[24,25]
Rubin et al. reported the effects on offspring of female rats that were exposed to
low doses of BPA through their drinking water.[25] Drinking water was given to the rats
containing 0.1 mg BPA/kg bw/day(low dose) or 1.2 mg BPA/kg bw/day (high dose) from
day 6 of pregnancy through the period of lactation. Offspring that were exposed to low
doses of BPA perinatal showed an increase in birth weight which continued into
adulthood.[25] Other studies have found similar effects on offspring exposed to BPA and
body weight.[26,27] In one study, female mice were fed 2.4 µg BPA/kg bw/day on days 1117 of gestation. The offspring of the mice fed BPA showed an increase in body weight of
up to 22% compared to offspring of unexposed mice.[27]
The EA of BPA has raised concern in the potential adverse effects in reproductive
health. A study by Rubin et al. showed that the offspring of CD-1 mice that were exposed
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to the high dose of BPA perinatally had altered patterns in the estrous cycle and
decreased levels of plasma lutenizing hormone (LH).[25] Female offspring that were
exposed to perinatal doses between 2.4 and 500 µg/kg bw/day of BPA have shown
earlier onset of the first oestrus cycle.[27,28] In females, LH triggers ovulation and in males
it stimulates Leydig cells to produce testosterone. In one study, rats were exposed to 2.4
µg BPA/kg bw/day during postnatal days 21-35 and were found to have suppressed levels
of LH (0.21 ± 0.05 ng/mL vs. control, 0.52 ± 0.04 ng/mL) and testosterone (1.62 ± 0.16
ng/mL vs. control, 2.52 ± 0.21 ng/mL).[29] Low-doses of BPA of 0.2 – 20 µg/kg bw/day
during both developmental and adult exposure has shown to result in a decrease in daily
sperm production and fertility in male rodents.[28] Male offspring of mice fed a dose of 20
ng BPA/g bw during gestation days 11-17 displayed significantly decreased efficiency of
sperm production by 20% compared to control mice.[30]
Several studies have shown that low parts per trillion doses of BPA can stimulate
responses in cultured human breast cancer cells and stimulate proliferation in mouse and
human prostate cells. At low doses of 0.1 nM BPA rapid influx of calcium in human
breast cancer cells was observed.[1,28] An in vitro study on the effects of BPA on human
breast epithelial cells showed that BPA can induce neoplastic transformation of the
cells.[31] Human breast epithelial cells, MCF-10F, were treated with BPA concentrations
of 10-6 to 10-3 M. Concentrations of 10-3 and 10-4 M BPA were toxic to the cells resulting
in cell death, while MCF-10F cells treated with 10-5 and 10-6 M solutions of BPA formed
high percentages of solid masses.[31] Betancourt et al. demonstrated that prenatal
exposure by oral intake of BPA increased mammary cancer susceptibility in offspring.[32]
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One study investigated the chemoresistance of BPA because estrogen has been
shown to antagonize anticancer drugs.[33] Environmentally relevant doses of BPA
reduced the efficacy of chemotherapeutic drugs such as doxorubicin, cisplatin and
vinblastine in estrogen receptor-α-positive and –negative breast cancer cells.[33] A
possible mechanism by which BPA exerted chemoresistance is by the increased
expression of antiapoptotic proteins.[33]
BPA has been linked to other cancers such as prostate cancer. Several in vivo
studies have shown that maternal doses from 2 to 50 µg/kg bw/day resulted in an increase
in prostate size in male offspring.[28,34] The androgen receptor (AR), activated by the
binding of androgenic hormones, testosterone and dihydrotestosterone (DHT), plays a
critical role in the development and progression of prostate cancer.[35] A computational
study investigated the binding affinity of some xeno-oestrogens to AR and found that the
endogenous hormone DHT showed the strongest binding (-10 kcal/mol) and BPA
showed strong binding to AR (-8.1 kcal/mol).[35] Hess-Wilson et al. investigated a
possible mechanism of BPA’s action in prostate cancer cells.[36] Prostatic
adenocarcinomas are dependent on the activity of the androgen receptor, a mutant
receptor, AR-T877A, is susceptible to alternative ligands including BPA. BPA was found
to induce a distinct gene expression in prostate cancer cells containing the AR-T77A
mutations and induce cancer cell proliferation.[36] BPA has also been shown to increase
the growth of RC58T/h/SA#4 cells, a strain of malignant human prostate cancer cells,
and increase cell proliferation at a concentration of 0.1 µM.[37]
Endogenous steroid hormones, such as testosterone and estradiol, have effects on
the development of the brain and influence sex trait behaviors, and thus the study of BPA
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on behavior has been of interest.[30,38] Administration of a BPA dose ranging from 0.2-20
µg into 5-day-old male rats resulted in hyperactivity by age 4-5 weeks when compared to
control rats.[39] Increased aggression was observed with doses in the range of 2-40 µg
BPA/kg bw/day.[28] A study on the disruption of adult expression of sexually selected
traits resulted in compromised spatial learning abilities and exploratory behavior in BPAexposed male offspring compared to control mice. Both of these are desirable traits for
male-male competition for mating. Female mice, both BPA-exposed and control,
preferred control males to the BPA-exposed males.[38] Another study found that low
doses of BPA during fetal development altered maternal behavior in mice. Pregnant CD1 mice were fed daily doses of 10 µg/kg bw during gestation days 14-18. Some of the
prenatally exposed female offspring were subjected to the same dosing during pregnancy.
Female mice that were exposed either as fetuses or in adulthood spent less time nursing
and more time out of the nest compared to control mice.[40]
The low EA of BPA has allowed the potential health risk to be overlooked for
years.[18] However, more recent studies are showing that low doses of BPA, either during
fetal development or postnatal life, has adverse effects on general health, reproduction
health, behavior, and breast and prostate cancer. The debate on the safety of BPA is
ongoing, but many studies have observed results that should encourage a reevaluation of
the current tolerable daily intake currently set at 50 µg/kg bw/day.[18]

1.4 Statement of the problem
Many studies suggest that low-dose (below the current EPA-regulated tolerable
daily intake) exposure to BPA may lead to adverse health effects. Some of the health
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effects that have been observed in animal and/or cell culture studies include obesity,
reproductive health problems, behavioral problems, and breast and prostate cancer.[2432,34,36-39]

BPA has been found to enter the environment during the manufacturing process,

leaching from products contained in landfills, and leaching from consumer products into
food.[8,11-15,20]. A reevaluation of the tolerable daily intake has been suggested, in which
case removal of BPA from consumer products and the natural environment may be a
remedial action. One study found that ethanol and saline solvents were able to
successfully remove BPA residual from consumer products.[3] Solvent extraction may be
used during the manufacturing process so that products that reach the market have
minimal to no residual BPA. The problem arises of how BPA may be removed from
natural water sources or from solvents used during the manufacturing process.

1.5 Solutions to the problem
1.5.1. Current methods for removal of Bisphenol A in the environment
With the increasing evidence that BPA in the environment may cause adverse
health effects there is a desire to limit, or do away with, its use and presence. However,
polycarbonate plastics and epoxy resins have become so successful in their uses it’s
difficult to introduce new plastics into the marketplace. While the competition for new
plastics is strong there are several companies producing successful alternatives.[41] Some
of the newer plastics include carbon dioxide-based carbonate polymers, cyclic olefin
copolymers and biobased polyhydroxyalkanoates.[41] One of the most successful new
polymers, called Tritan, is a polyester copolymer made from dimethyl terephthalate.
Tritan is a strong competitor against polycarbonates in consumer products due to its
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strength, clarity, and temperature resistance. The company that makes Tritan, Eastman,
claims that the copolymer is growing faster than polycarbonates did when it was at a
similar stage in development.[41]
While there is promise in alternative plastics it will still take time to phase out
BPA based plastics from consumer products. The concern of BPA as an environmental
pollutant has triggered research in the possible removal of BPA from the environment.
Environmental pollutants such as phenols, chlorophenols, and polycyclic aromatic
hydrocarbons have been removed by polymerization catalyzed by peroxidase
enzymes.[42,43] Several studies have investigated the use of such enzymes for the removal
of BPA from waters. A microbial peroxidase enzyme, Coprinus cinereus peroxidase,
efficiently removed BPA from an aqueous solution; complete removal was attained in 30
minutes. The optimal conditions for removal were around pH 9-10 at 40°C and in the
presence of H2O2 with a 2:1 H2O2:BPA mole ratio.[42] Recently, Sonoki et al. made
recombinant tobacco plants containing a gene for lignin peroxidase. The transgenic plant
produced lignin peroxidase at the roots and the plants for the removal of BPA. The
recombinant plants were able to remove aqueous BPA 4-times greater than control
plants.[43] In the presence of H2O2 tyrosinase has been used to oxidize BPA to quinone.
The use of chitosan gels, powders, and porous beads in a solution of BPA and tyrosinase
can result in complete removal of BPA.[44] Kimura et al. reported on the use of
polyphenol oxidase (PPO)for the quinone oxidation of BPA followed by the use of
chitosan beads for removal of the quinone product. The motivation for the use of PPO is
that tyrosinase oxidation requires H2O2 and there may be some remaining, and high dose
of the enzyme. The optimum condition for PPO oxidation of BPA is at pH 7.0 and 40 °C.
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Complete removal of BPA by the adsorption of the quinone derivative on chitosan beads
was achieved in 4-7 hours.[44] The use of laccases has also been proposed as the enzyme
has multiple copper atoms in the activation site and can utilize molecular oxygen for the
oxidation of BPA to the quinone derivative. A limitation in the use of laccases however is
the susceptibility of the enzyme to inactivation.[45]
An electrocatalytic approach has also been taken in the degradation and removal
of BPA from water.[46-48] Electrochemical oxidation of BPA has been attempted with
carbon electrodes. Polymerization of BPA in the solution resulted in inactivation of the
carbon electrode due to deposition of a polymer film on the electrode.[46] More recently,
β-MnO2 nanowires possess excellent mechanical stability and have been used to oxidize
and degrade BPA effectively. However, the presence of humic acid and metal ions show
to suppress the effects of the β-MnO2 nanowires.[47] In order to improve the stability and
reusability of the electrodes ionic liquids (ILs) have been used. PbO2-ILs/Ti electrodes
were able to electrocatalyze the degradation of BPA up to 98% at pH 9.[48]
Novel materials have been designed and developed for the removal of BPA.
Titanium oxide (TiO2) powder or sheet with zeolite adsorbent has been used as a
photocatalyst for the degradation and removal of BPA from water. Under UV-irradiation
100 mg of TiO2 powder or sheet was able to remove more than 90% BPA from 50 mL of
100 µM solution after 24 or 72 hours, respectively.[49] Molecular imprinted particles
(MIP) have been used in environmental monitoring and food and beverage analysis. An
MIP has been developed for BPA selection in water. The functional monomer
diethylenetriaminepentaacetic acid (DTPA) and tetraethyl orthosilicate as a cross-linker
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were deposited on silica nanoparticles using sol-gel process. The binding capacity of the
BPA-MIP, for saturation, was determined to be 30.26 µmol BPA/ g MIP.[50]
The use of enzymes for the degradation and removal of BPA has shown to be
effective, up to 100% removal. However, the use of enzymes may be inefficient for
industrial use because of the time it takes and possible inactivation of the enzymes.
Electrocatalysis of the oxidation of BPA for removal is able to achieve high removal in a
relative short amount of time. The concern with electrocatalysis is the stability and cost
of the materials used. Novel materials such as MIP are being developed and investigated
for the removal of BPA. The materials mentioned here are able to remove BPA from
water, but their efficiency for large scale operations still need to be investigated.

1.5.2. Possible removal of Bisphenol A model compounds by Octolig®
Octolig® is a commercially available supported chelating agent, specifically, a
polyethylenediamine molecule covalently attached to a high surface area silica gel. This
material was designed to remove transition metal ions, and it does so effectively. [51]
Octolig® has been studied for the ability to remove anions. [52-54] The ability to remove
anions and the cost, $40/kg wholesale, may make column chromatography using
Octolig® desirable for commercial applications.
The possibility of removing phenolic materials by column chromatography with
Octolig® has been studied previously in This Laboratory. Three xanthylbenzenes (Rose
Bengal, eosin Y, and erythrosine) could be quantitatively removed. [55] Moreover,
Lissamine Green B , as well as amoxicillin, a phenolic dye and a phenolic antibiotic can
be similarly quantitatively removed.[56] Having read the MSDS for BPA, we have chosen
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to study the removal of model compounds due to the possible dangers to the eyes and
because The Author is female. Presumably BPA, and model compounds, would ionize in
an aqueous solution, depending on pH, and associate with Octolig® in a column. A
schematic representation of Octolig® with an associated species is shown in Figure 1.
Here An- is considered to be a suitable anion either simple (phosphate, sulfate, nitrate,
nitrate), or more complex.

Figure 1: Proposed structure of Octolig®-anion interaction (Stull and Martin [52]). An- is
considered to be a suitable anion that may be attracted to the secondary amine
groups by ionic interaction.
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2. MATERIALS AND METHODS
Model compounds of BPA were investigated over a range of pH values and
different aqueous matrices using column chromatography with the stationary phase
material Octolig®. Fractions from column chromatography experiments were then
analyzed by measuring pH and UV absorption. The percent removed from aqueous
solutions was determined.

2.1 Source of Reagents and Materials
Octolig® (CAS registry number 404899-06-5) was a gift from Metre-General, Inc
(Frederick, CO). 4-(t-butyl) phenol and 4-isopropylphenol were used as model
compounds of Bisphenol A (BPA). Both 4-(t-butyl) phenol and 4-isopropylphenol were
obtained from Sigma-Aldrich. Samples of 4-nitrophenol, 3-nitrophenol and 2nitrophenol, used to test electronic effects were obtained from Acros Organic and Aldrich
Chemical Company. For pH adjustments aqueous sodium hydroxide, dilute phosphoric
acid or a sodium phosphate buffer was used. Solid NaOH pellets and phosphoric acid
were obtained from Fisher Scientific. For the buffer, sodium phosphate monobasic mono
hydrate NaH2PO4·H2O, and sodium phosphate dibasic Na2HPO4, were obtained from
Mallinckrodt Chemical Works, and Matheson Coleman & Bell, respectively.
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2.2 Sample Preparation
Stock solutions of the model compounds were made as 500 ppm or 100 ppm in
deionized (DI) water. The solubility of 4-(t-butyl) phenol and 4-isopropylphenol in water
is negligible as noted visually and from various MSDSs. In order to dissolve these
compounds in water aqueous 5 M NaOH was added drop-wise to a suspension of the
solid in DI water until the solid particles appeared to be dissolved. The solutions were
checked for Tyndall effect, which was absent. The stock solutions were further diluted in
DI water, saline solution, or well water depending on the desired matrix for the
experiment. The pH of the diluted solutions was adjusted using NaOH, 0.01 or 0.2 M,
and/or 0.009 M H3PO4 to obtain a desired pH for column chromatography.

2.3 Analytical Methods
Column chromatography was used for the removal of BPA model compounds
from aqueous solutions. UV-Vis absorption spectroscopy was used for the analysis of the
samples. A brief background on these two techniques is given in the Results and
Discussion and the experimental conditions used in this thesis project are described
below.

2.3.1. Column Chromatography
Octolig®, as received, was washed with DI water to remove fines until the water
rinsed clear. A 2.0 cm i.d. Chemglass chromatographic column fitted with a glass frit and
Teflon stopcock was packed with washed Octolig® to an approximate height of 23-25 cm
(72.3 – 78.5 cm3). The prepared column was then washed with DI water or the relevant
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matrix. Aqueous solutions of BPA model compounds were passed through the column at
a flow rate of 10 mL/min using a Masterflex® L/STM or a Spectra/ChromTM Macroflow
peristaltic pump. A series of 50-mL fractions were collected and subsequent pH and UVVis analysis measurement were made. An image of the experimental column
chromatographic set-up is shown in Figure 2.

Figure 2: Image of the chromatographic set-up used for the removal of BPA model
compounds from aqueous solutions. The column with i.d. of 2.0 cm was packed
with approximately 70-78 cm3 Octolig®. A peristaltic pump was used to achieve
a flow rate of 10 mL/min.
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2.3.2. Batch Method of Separation
The fractions from a column chromatographic experiment for the removal of 3nitrophenol did not show that an equilibrium had been reached within the typical 10
fractions collected, shown in Figure 3.

Figure 3: Removal of 3-nitrophenol from aqueous solutions by Octolig® using a 2.0 cm
i.d. chromatographic column.

The data shown in Figure 3 led to the thought of performing a batch method
because previous work showed there was no significant difference in the percent removal
of some anions using column chromatography or the batch method.[54] The batch method
is a form of immersion extraction in which a known amount of Octolig® is placed in a
flask containing a known volume of sample and stirred, or shaken. Because equilibrium
had not been reached within the 10 fractions collected from the chromatographic column,
the batch method allowed for equilibrium to be reached and then a 10-mL aliquot of the
aqueous sample was taken for analysis.
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For the batch method approximately 5 grams of Octolig® was washed to remove
fines until the water rinsed clear. The washed Octolig® was placed in a 250 mL
Erlenmeyer flask and covered with 100 mL of aqueous 3-nitrophenol or 4-(t-butyl)
phenol at a known pH, adjusted with aqueous NaOH. The flasks were placed in a New
Brunswick gyrotatory water bath (Model G76) and were shaken at a rate of 240 rpm. At
various time intervals a 10-mL aliquot of the sample was removed for analysis. The
results for percent removed of 3-nitrophenol and 4-(t-butyl) phenol as a function of time
were plotted and a defining curve was fitted, Figure 4 and Figure 5, respectively. The
study indicated that extraction equilibrium was achieved by 5 minutes. Subsequent trials
to determine the percent removed at various pH were performed in the same manner with
aliquots for analysis being taken at 5 minutes.
Upon first glance at the data in Figure 4 and Figure 5 it appeared reasonable to fit
the data to a single rectangular hyperbola function which provides Eqn. (4) and Eqn. (5),
respectively:
y=

20.595 x
(0.331 + x )

(4)

y=

15.566 x
(0.058 + x)

(5)

These equations are in the form of y=ax/(b +x), where x is time, y is percent removal, a is
the maximum value of y that can be achieved (under the given conditions) and b is a
constant that affects the rate of extraction that has some dependence on concentration.
The a value of the equation is lower for 4-(t-butyl) phenol than that of 3-nitrophenol. This
is expected given the pH of the two experiments. The data for 4-(t-butyl) phenol is of an
initial pH 9.70 and for 3-nitrophenol an initial pH of 7.15. It is suggested that at higher
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pH the polyethylenediamine ligands of Octolig® deprotonate and therefore cannot extract
anions from the aqueous solution by ionic interactions. The b value, which has a
dependence on concentration, is also lower in the kinetic study with 4-(t-butyl) phenol,
0.058, than 3-nitrophenol, 0.331. The initial concentration of 3-nitrophenol and 4-(tbutyl) phenol for the data shown in Figure 4 and Figure 5 was 9.3 ppm and 92.6 ppm,
respectively. The rate of extraction prior to equilibrium being reached increased as the
initial concentration increases; this is represented by a lower b value resulting in a steeper
slope.

Figure 4: Removal of aqueous 3-nitrophenol using Octolig® and a batch method. Initial
20.595 x
, R2 =
concentration was approximately 9.3 ppm and pH 7.15. y =
(0.331 + x )
0.992.
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Figure 5: Removal of 4-(t-butyl) phenol using Octolig® and batch method. Initial
15.566 x
concentration was 92.6 ppm at pH 9.70. y =
, R2 = 0.937.
(0.058 + x)

2.3.3. pH Measurements
The pH of the aqueous samples of model compounds was measured prior to
chromatographic separation. If necessary, the pH was adjusted with aqueous NaOH.
Column fractions of 50 mL were collected and the pH was measured. All pH
measurements were obtained using an Orion model 290A pH/ISE meter connected with
an Orion pH electrode, model 9107BN.

2.3.4. Absorption Spectroscopy
Ultraviolet-Visible (UV-Vis) measurements were obtained using a Perkin Elmer
Lambda 950 UV-Vis spectrophotometer courtesy of the Physics Department at the
University of South Florida or a Shimadzu UV-2401 PC UV-Vis spectrometer courtesy
of Dr. Larsen’s lab in the Chemistry Department. A calibration curve was generated for
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each model compound. The column fractions from 4-isopropylphenol and 4-(t-butyl)
phenol were diluted 1:1 with a sodium phosphate buffer to maintain a desired pH and
λmax. The pH of the column fractions from the nitrophenol compounds was adjusted using
aqueous NaOH (0.01 M and/or 0.2 M) and H3PO4 (0.009 M or 0.1 M). The UV-Vis
absorption was measured for column fractions (typically 4-10) or for aliquots taken from
batch method samples. Aliquots of the fractions were placed in a 1 cm × 1 cm quartz
cuvette for UV-Vis measurements. The absorption was used to determine the ppm of the
fraction and then compared to the initial ppm, from this the percent removed was
calculated and recorded, see Appendix I.

2.4 Molar Extinction Coefficient Measurements
Dilutions of known concentration were prepared from the stock solutions of each
model compound in order to generate a calibration curve. The concentration of the
dilutions were made not to exceed A.U. = 1.5. The absorbance value at the wavelength of
maximum absorption (λmax) was recorded for each dilution. The molar extinction
coefficients for each model compound were determined using Beer-Lambert’s law:

A = log

Io
= εcl
I

(6)

Where A is absorbance, Io is the intensity of the incident radiation, I is the intensity of the
transmitted radiation, ε the molar extinction coefficient, c the concentration of the solute,
and l the path length of the sample in cm. For a range of concentrations the absorbance is
linear allowing the quantification of the analyte. The wavelength of maximum absorption
and molar extinction coefficient values of each model compound is shown in Table 1.
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Table 1: Molar extinction coefficient values of BPA model compounds.
Model Compound λmax (nm)

Extinction Coefficient (M-1)

4-(t-butyl) phenol

274

1592

4-isopropylphenol

275

1651

2-nitrophenol

278

6354

3-nitrophenol

273

5988

4-nitrophenol

317

9534

The calibration curve for 4-isopropylphenol is shown in Figure 6, UV-Vis spectra
and corresponding calibration curves for all the model compounds can be found in
Appendix B.

Figure 6: Calibration curve for 4-isopropylphenol. Standard concentrations were made by
dilution of a 500 ppm (3.67 × 10-3 M) stock solution. The pH of the dilutions was
maintained with sodium phosphate buffer. The fit to the data provides the
equation, in which the slope is the molar extinction coefficient,
A=1651 M-1(C) + 0.002, R2=1.
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3. RESULTS AND DISCUSSION

3.1 Analytical Methods
3.1.1. Column Chromatography
Chromatographic methods are a physical method of separation in which the
analyte is separated, either from other analytes or from the matrix, based on interactions
between two phases, the mobile and stationary phase. The chromatographic methods used
for this thesis was liquid-solid column chromatography in which Octolig® is the
stationary phase and the model compounds are introduced into a column packed with
Octolig® in an aqueous mobile phase. The polyethylenediamine moieties covalently
attached to the high surface area silica gel of Octolig® presumably have a positive charge
owing to the basicity of the secondary nitrogen atoms. The working hypothesis is that
anionic analytes in an aqueous phase introduced to the column will associate with the
Octolig® stationary phase based on electrostatic interaction, as depicted in Figure 1. This
method of separation is called ion-exchange chromatography.[57]

3.1.2. UV-Vis Absorption Spectroscopy
Ultraviolet-visible (UV-Vis) spectroscopy is often used in the detection and
quantification of organic compounds. Typically a UV-Vis spectrometer emits
monochromatic light in the range of 180-800 nm and in turn particular wavelengths will
be absorbed by the analyte molecule. The energy of the emitted light that is absorbed by
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the molecule will excite electrons that are in the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital (LUMO). Depending on the type of
HOMO electrons present in the molecule only certain electronic excitations are possible,
and these transition states correspond to the wavelength absorbed by the molecule.[58] The
model compounds selected for this study have non-bonding electrons from the phenolic
group that would be excited to the π anti-bonding orbital corresponding to a wavelength
of maximum absorption in the 270-320 nm range.
The standard concentrations of 4-(t-butyl) phenol and 4-isopropylphenol for the
calibration curves displayed a shift in the λmax. The shift was due to a change in pH in
which a higher pH resulted in deprotonation of the compounds which allowed increased
conjugation. Conjugation lowers the energy of the bonds in the molecule resulting in a
red shift of the λmax. Therefore, the pH of the samples for UV-Vis analysis needed to be
regulated to maintain the wavelength of maximum absorption for quantification.

3.2 Selection of Model Compounds
Having read an MSDS for BPA, and noting significant warning of the danger to
eyes and that The Author is female, it seemed appropriate to examine model compounds
to gain information for the potential removal of BPA by Octolig®. For the selection of
the model compounds two important comparison are made between the compound and
BPA, one is the acidity (reflected in the pKa) and the other is the lipophilicity (reflected
by the octanol-water partition coefficient, P). Table 2 provides a summary of the
properties used to select model compounds of BPA. The lipophilicity of a compound is a
tendency to be absorbed into fatty tissue, this is represented by log P. The log P of BPA is
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3.32, which suggests that 4-(t-butyl) phenol with log P 3.29 may be a relevant model
compound. BPA has two pKas, for the two ionizable hydroxyl groups, at 9.59 and 11.3.
The pKa of 4-(t-butyl) phenol and 4-isopropylphenol are 10.16 and 10.19, respectively,
making these both appropriate matches. The lipophilicity of 4-isopropylphenol is lower
than BPA, however, it was still investigated for potential removal.
In addition to the previously mentioned model compounds, it seemed pertinent to
test the effect of acidity by using nitrophenols that are more acidic. The ortho-, meta-, and
para- substituted nitrophenols were used as they are stronger acids, as reflected in lower
pKa, as well as being less lipophilic. It was thought that the nitrophenols may be useful
model compounds if a process for BPA removal involved the formation of a nitroderivative.
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[
Table 2:: List of pKa and log P values for BPA and model compound.[4,14,59-62]

Compound Name

Structure

pKa

log P

Bisphenol A

9.59, 11.3

3.32

4-Isopropylphenol

10.19

2.82

4-(t-butyl) phenol

10.16

3.29

7.14
4

1.91

8.35
5

2.00

3
7.23

1.77

4-nitrophenol
(p-nitrophenol)

3-nitrophenol
(m-nitrophenol)

2-nitrophenol
(o-nitrophenol)

3.3 Matrix Effects
he removal of 44-isopropylphenol and 4-nitrophenol
nitrophenol was studied
Matrix effect on the
using three different aqueous matrices: DI water, well water from the Floridian Aquifer,
and a 0.9% (w/v) saline solution (saline was tested only with 44-isopropylphenol).
isopropylphenol). Well
water is a desirable matrix to test the effe
effects on removal as BPA is ubiquitous in the
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environment. The well water, obtained from a private well in Florida, was filtered
through a 3 µm pore membrane (Millipore®) using a water aspirator set-up. The well
water was then used to dilute stock solutions of the model compound and adjusted with
0.2 M NaOH to obtain the desired pH. Yang et al. discovered that EA materials,
including BPA, could be removed from consumer products by extraction with two
solvents, e.g. ethanol and saline.[3] The question of how the EA materials in the two
solvents might be disposed of in a safe way is put forth. One possibility is by column
chromatography using Octolig®. For this reason a 0.9% (w/v) saline solution was chosen
as a matrix to investigate. Ethanol did not seem an appropriate matrix to test as there is a
large consensus to limit the use of organic solvents due to environmental concern.
A 500-ppm stock solution of 4-isopropylphenol in DI water was diluted with
either filtered well water or 0.9% (w/v) saline to obtain a desired ppm. The pH of the
diluted sample was adjusted to achieve a pH comparable to the pH of trials performed
with DI water as the matrix by adding drop-wise 0.2 M NaOH. Figure 7 shows a
graphical representation of percent removal versus pH.
The greatest percent removal of 4-isopropylphenol in DI water occurred at pH
8.11 ± 0.03, therefore, a pH close to this value was achieved for the stock solutions with
all three matrices for comparison. The percent removal of 4-isopropylphenol with
different matrices is summarized in Table 3.
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Figure 7: Percent removal of 4-isopropylphenol as a function of pH and the effects of
different matrices on the percent removal. Percent removed shown was calculated
from the averages of multiple trials at each pH and analyzing column fractions 610.

A Student’s t-test was performed to determine at each pH studied if there was a
significant difference in the removal of 4-isopropylphenol between DI water and well
water as the matrix. At the pH around 7.0 between DI and well water the tcalc = 0.11 and
the tcritical = 4.30; tcalc is less than tcritical therefore, the two matrices do not differ in
removal of 4-isopropylphenol. At pH approximately 9.0 tcalc = 3.58 and tcritical = 2.78, this
suggests that the matrix does have an effect on the removal of 4-isopropylphenol at this
pH. In order to compare the percent removal with the three different matrices a one-way
Analysis Of Variance (ANOVA) test was performed to compared a calculated F-value to
a critical F-value.
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Table 3: Matrix study using 4-isopropylphenol and passage of different solutions
over a chromatographic column (2 cm x 30 cm) packed with ~70 mL of
Octolig® at a flow rate of 10 mL per min.50 mL aliquots were collected.
pHi of stock solution
7.01 ± 0.07

7.17 ± 0.04

8.11 ± 0.03

8.08 ± 0.00

8.13 ± 0.06

9.02 ± 0.04

9.02 ± 0.07

n,
no. of trials
2

2

4

2

2

4

2

Matrix

Fraction

ppm

% removed

DI water

Stock

68 ± 2

---

6-10

55 ± 2

18 ± 2

Stock

38.3 ± 0.7

---

6-10

31 ± 1

18 ± 3

Stock

100 ± 5

---

6-10

79 ± 4

22 ± 2

Stock

98 ± 3

---

6-10

78 ± 1

20 ± 1

Stock

96 ± 2

---

6-10

78 ± 1

19 ± 1

Stock

98 ± 1

---

6-10

84.1 ± 0.9

14 ± 2

Stock

101 ± 2

---

6-10

82 ± 1

19 ± 1

Well water

DI water

Well water

Saline

DI water

Well water

From this test Fcalc was determined to be 7.38 and Fcrit, for numerator degrees of freedom
of 2 and denominator degrees of freedom of 12, was 3.89. Since Fcalc is larger than the
critical value the null hypothesis, that the 3 matrices do not differ in the removal of 4isopropylphenol, is rejected. Upon further analysis, using a difference between means ttest, it was found that the matrices DI water and well water do not differ significantly
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from each other with tcalc = 1.649 and tcrit = 2.306. While DI water and the saline solution
do differ at the tested pH as tcalc = -7.269 and tcrit = 2.306 given 95% confidence level.
The 4-nitrophenol displayed complete removal from DI water at pH 7.58 ± 0.01
and was therefore selected as the desired pH for the matrix effect study. Well water was
prepared as described previously and was used to diluted a 100-ppm stock solution of 4nitrophenol in DI water to approximately 10 ppm. The pH of the resulting solution was
adjusted to by adding drop-wise 0.2 M NaOH to obtain the desired pH.

Table 4: Matrix study using 4-nitrophenol and passage of different solutions over a
chromatographic column ( 2 cm x 30 cm)packed with ~70 mL of Octolig® at
a flow rate of 10 mL per min.50 mL aliquots were collected.
pHi of stock
solution
7.58 ± 0.01

7.58 ± 0.01

n,
no. of
trials
2

2

Matrix

Fraction

ppm

% removed

DI water

Stock

9.9 ± 0.4

---

4-10

0.0 ± 0.0

100.0 ± 0.2

Stock

11.0 ± 0.4

---

4-10

0.0 ± 0.0

100.0 ± 0.3

Well water

Table 4 summarizes the results of the matrix study using 4-nitrophenol. A
Student’s t-test was perform to determine if at the chosen pH the two different matrices
resulted in a significant difference in the removal of 4-nitrophenol. The tcalc = 0.78 and
tcritical = 4.3, therefore, at a 95% confidence level the two matrices do not differ in the
removal of 4-nitrophenol using Octolig®.
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3.4 Percent Removal of BPA Model Compounds and pH
Octolig® has been reported to be stable over the range of pH 0.5-10.5. Heavy
metal ions have been shown to chelate to Octolig® between pH 2-10 and be released
from the ligand at pH outside of this range.[63] In this study, 4-isopropylphenol showed an
increase in percent removal from pH 5.5-8, reaching a maximum percent removal, then
decreased as the pH went higher, shown in Figure 7. A similar trend is shown by 4-(tbutyl) phenol in which a maximum percent removed was achieved at pH 8.70, using the
batch method, and decreased at higher pH. Due to the stock solution preparation of 4-(tbutyl) phenol (low solubility in water required 5 M NaOH be added to dissolve the
compound), pH below 8.70 was not investigated because to achieve a lower pH the stock
solution needed to be diluted and further dilution would result in a low ppm introducing a
large percent error with UV-Vis analysis. The results from the batch method with 3nitrophenol displayed a similar trend in which the maximum percent removal was
achieved at pH 7.10 ± 0.08 and showed slight decrease in removal at higher pH. Both 2nitrophenol and 4-nitrophenol achieved complete removal by pH 7.65 ± 0.06 and 7.58 ±
0.01, respectively. The results for percent removal for each compound at the various pHs
is shown in Table 5.

35

Table 5: Percent removal of model compound aqueous samples. Removal was
achieved by passing the sample solution over a chromatographic column
packed with 70-78 cm3 Octolig® at a flow rate of 10 mL/min (50-mL fraction
were collected) or using the batch method.
Compound
(Matrix)
4-isopropylphenol

n,
no. of
trials
3

pH, of stock
solution

Fraction

Concentration,
ppm

% removed

5.52 ± 0.07

Stock

48.7 ± 0.7

---

6-10

40.7 ± 0.6

16 ± 2

Stock

68 ± 2

---

6-10

55 ± 2

18 ± 2

Stock

100 ± 5

---

6-10

79 ± 4

22 ± 2

Stock

98 ± 1

---

6-10

84.1 ± 0.9

14 ± 2

Stock

93.5 ± 0.6

---

6-10

90 ± 2

4±1

Stock

38.3 ± 0.7

---

6-10

31 ± 1

18 ± 3

Stock

98 ± 3

---

6-10

78 ± 1

20 ± 1

Stock

101 ± 2

---

6-10

82 ± 1

19 ± 1

Stock

96 ± 2

---

6-10

78 ± 1

19 ± 1

(DI water)
2

4

4

3

(Well water)

2

2

2

(0.9 % w/v Saline)

2

7.01 ± 0.07

8.11 ± 0.03

9.02 ± 0.04

10.12 ± 0.01

7.17 ± 0.04

8.08 ± 0.00

9.02 ± 0.07

8.13 ± 0.06

36

4-(t-butyl) phenol

4

9.84 ± 0.07

(DI water)
4a

5a

5a

2-nitrophenol

2

9.70 ± 0.00

8.99 ± 0.00

8.70 ± 0.0

4.83 ± 0.02

(DI water)
2

4

3-nitrophenol

3a

6.04 ± 0.05

7.65 ± 0.06

5.13 ± 0.00

(DI water)
3a

3a

3a

7.10 ± 0.08

8.35 ± 0.00

9.40 ± 0.00

Stock

93 ± 1

---

6-10

78 ± 2

16 ± 2

Stock

93 ± 0

---

Aliquot

79 ± 3

15 ± 2

Stock

24 ± 0

---

Aliquot

17.6 ± 0.3

25 ± 1

Stock

8±0

---

Aliquot

6.2 ± 0.2

26 ± 2

Stock

9±0

---

4-10

0.1 ± 0.0

99.3 ± 0.4

Stock

9.3 ± 0.0

---

4-10

0±0

99.9 ± 0.3

Stock

10 ± 0

---

4-10

0.0 ± 0.1

99.5 ± 0.9

Stock

10 ± 0

---

Aliquot

7.9 ± 0.1

18.5 ± 0.6

Stock

10 ± 0

---

Aliquot

7.7 ± 0.1

19.3 ± 0.1

Stock

10 ± 0

---

Aliquot

8±0

18.4 ± 0.4

Stock

10 ± 0

---

Aliquot

8±0

18.0 ± 0.3
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4-nitrophenol

2

4.62 ± 0.02

(DI water)
3

6.02 ± 0.04

Stock

9.8 ± 0.1

---

4-10

0.2 ± 0.1

98.1 ± 0.7

Stock

100 (trial 1)

---

9.6 ± 0.1

---

(trial 2&3)

2

(Well water)

a

2

7.58 ± 0.01

7.58 ± 0.01

4-10

0.1 ± 0.1

99.7 ± 0.8

Stock

9.9 ± 0.4

---

4-10

0.0 ± 0.0

100.0 ± 0.2

Stock

11.0 ± 0.4

---

4-10

0±0

100.2 ± 0.3

Indicates batch method, as described previously, was performed for removal.

The question of the decrease in percent removal as pH increases, above the pH of
maximum removal, arises. As suggested by the structure of Octolig®, Figure 1, a twofold model may answer this question. One key process in the removal of ions in aqueous
solution by Octolig® is that protons are needed to be removed from the analyte
compounds in order to generate an anion. The second key process is the removal of the
anion mediated by the presence of the protonated nitrogen in the polyethylenediamine
ligand of Octolig®. The first process is increasingly likely with increasing pH as
predicted by the Henderson-Hasselebalch equation:

pH = pKa + log

[A − ]
[HA]

(8)

According to Eqn. (8) at a pH of 10.19, 4-isopropylphenol (HA) would be
expected to have only 50% of the compound present as the anion due to a pKa value of
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10.19. On this basis alone, one might expect a total percent removal of 50% for 4isopropylphenol at this pH. However, the percent removal decreased at pH higher than
approximately 8 from 22%. This may be due to the second mentioned process, the
attraction of anions to protonated nitrogens of Octolig®. As the pH of the solution
introduced to the column increased the possibility of the amines of the Octolig® ligand
being protonated decreased. The pKa of the ethylenediamine ligand of Octolig® may be
similar to that of aliphatic diamines reported by Bryantsev et al. The reported
experimental pKa value in aliphatic internal ethylenediamines by Bryantsev et al. was 9.9
– 10.3 in aqueous phase.[64] Therefore, an equation that is indicative of the second process
may be derived:
log[HL+] - log[L] = pKHL - pH

(9)

If the activity of the non-protonated species is assumed to remain constant then log[L]
may be regarded to equal zero (0). Eqn. (9) would thus indicate that as pH increases, the
effective concentration of protonated ligand would decrease logarithmically. Using the
pKa value determined by Bryantsev et al. of approximately 9.9 – 10.3, log[HL+] could be
quantitatively approximated.[64]

3.5 Percent Removal as a Function of pKa of Model Compound

It is apparent that at higher pKa values of the model compound higher pH values
of the solution is required to achieve the anionic form of the compound. As pH increases
the likelihood that Octolig® becomes deprotonated as well increases resulting in a
decrease in ability to remove the anionic compound. A plot of maximum percent
removed as a function of pKa, Figure 8, shows some revealing aspects.
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Figure 8: Plot of percent removed as a function of compound’s pKa.

A Student’s t-test shows that the maximum removal of 3-nitrophenol is
significantly less than 4-(t-butyl) phenol but does not differ significantly from 4isopropylphenol. When comparing the maximum removal of 3-nitrophenol to 4isopropylphenol the tcalc = 2.567 and tcritical = 3.182. For the comparison between 3nitrophenol and 4-(t-butyl) phenol tcalc = 6.604 and tcritical = 2.776. The pKa of 3nitrophenol is lower than that of either 4-isopropylphenol or 4-(t-butyl) phenol, which
would suggest the percent removal may be higher. However, the log P of 3-nitrophenol is
lower which may reduce its partitioning to the Octolig® stationary phase.
To further show the effect of pKa on removal three xanthenylbenzenes (Rose
Bengal, erythrosine, and eosin Y) were previously investigated for the removal by
Octolig®.[55] The xanthenylbenzenes contain a phenolic group as well as a carboxylic
acid group. These three dyes are more acidic that the chosen BPA model compound and
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thus have lower pKas. All three were removed by Octolig® effectively. Additionally
Lissamine green B and the pharmaceutical amoxicillin both have amine and phenolic
groups and were also removed effectively by Octolig®.[55,56] This suggests that around a
pKa between 7.2-8.3 there is a point at which the pH required to deprotonate the
compounds to yield the anionic form simultaneously results in the deprotonation of
Octolig® to a significant amount, and the compounds cannot be effectively removed.

3.5.1. pKa as a Predictive Guide

Figure 8 shows an interesting trend of percent removal and pKa of the analyte to
be removed by Octolig®. Of the compounds investigated it is evident that a pKa of
approximately 7.22 and lower will yield nearly complete removal from an aqueous
solution. However, a pKa of approximately 8.3 or higher shows significantly lower
percent removal. This may be due to the two processes, as described previously, involved
in the removal of anionic analytes by Octolig®. It may be appropriate to predict that a
compound with a pKa between 7.2 and 8.3 would result in a percent removal greater than
20% up to 100% as the pKa is closer to a value of 7.2. In future studies it may also be
predicted that compounds with a pKa greater than 8.3 would result in low percent
removal.

3.6 Conclusion

BPA is a widely used raw material in the production of polycarbonate plastics and
epoxy resins. It is used in the manufacturing of many consumer products including food
can linings, baby bottles, food storage container, dental sealants, and medical equipment.
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BPA does exhibit low estrogenic activity and this has raised concerns to the amount that
the environment and humans are exposed to through consumer products and the possible
health effects as a result. Many studies suggest that low-dose amounts of BPA, below the
currently established tolerable daily intake value of 50 µg/kg bw/day, do result in adverse
health effects. This raises concern to the levels of BPA in the environment and the level
of exposure to humans. Removal of BPA from the environment or from consumer
products prior to going out on market appears to be a reasonable solution to minimize the
levels of exposure.
This thesis studied the removal of BPA model compounds by column
chromatography using Octolig®. The experimental results show that Octolig® could
effectively remove 2-nitrophenol and 4-nitrophenol but not 3-nitrophenol, 4isopropylphenol, and 4-(t-butyl) phenol from aqueous solutions. The results may be due
to the two fold mechanism by which Octolig® can effectively remove anions from an
aqueous solution. The first process is the deprotonation of the compound to form the
anion and the second is the protonation of the polyethylenediamine ligands of Octolig®
to remove the anionic compounds by electronic interaction. The model compounds that
were not effectively removed (3-nitrophenol, 4-isopropylphenol, and 4-(t-butyl) phenol)
have higher pKa values than the other model compounds. A higher pKa requires that the
sample solution be at a higher pH to effectively remove a proton to form the anion. At the
high pH values investigated it is likely that the amines of Octolig® were also
deprotonated reducing its ability to remove anions. It is suggested that the pKa of a model
compound may be a predictive guide to its removal by Octolig®.
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3.6.1. Future Work

From this study it is evident that Octolig® was not able to effectively remove
BPA model compounds that have pKa value of 8.3 or higher. However, there may be a
possibility that derivatives of Octolig® may be used in a removal process of BPA.
Current studies on the removal of BPA utilize enzymes such as polyphenol oxidase and
laccase for the oxidative degradation of BPA. These enzymes contain copper (II) active
centers for oxidation.[44,45] Additionally, electrochemical oxidation methods have been
used to successfully degrade BPA.[46-48] Octolig® derivatives, Cuprilig and Ferrilig,
contain Cu (II) or Fe (III) atoms coordinated with the polyethylenediamine moieties.
Both derivatives of Octolig® have been shown to successfully remove anions from
aqueous solutions.[65,66] It appears appropriate to study whether Cuprilig or Ferrilig may
successfully oxidize BPA model compounds for decomposition. A study by Xuan and coworkers found that enzymatically oxidized BPA lost estrogenic activity to enhance the
growth of MCF-7 human breast cancer cells.[67]
Previous studies in Dr. Martin’s lab showed successful removal of several dyes
and amoxicillin using column chromatography with Octolig®. It has been suggested that
the successful removal was achieved due to lower pKa values of the compounds due to
the presence of phenolic, carboxylic, and amine groups. It may be possible to achieve
nearly complete removal of the BPA model compounds used in this study if the pKa can
be sufficiently lowered by the addition of more acidic groups. A sulfonation process of
BPA model compounds prior to column chromatography may yield higher removal.
Sulfonation may be achieved by the addition of sulfuric acid in the presence of the model
compound. Both 4-(t-butyl) phenol and 4-isopropylphenol have a hydroxyl and alkyl
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substituent. The hydroxyl and alkyl groups are both ortho-para activators for the
electrophilic substitution of a sulfonic acid.
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Appendix I: Experimental Data for Model Compounds

Table A-1: Removal of 4-isopropylphenol from aqueous solutions using column
chromatography and Octolig®. The solutions were passed through a 2.0 cm
i.d. column packed with 70-75 cm3 of Octolig® at a flow rate of 10 mL/min.
Fractions of 50-mL were collected and analyzed.
pHi of stock
solution
5.52 ± 0.07

7.01 ± 0.07

7.17 ± 0.04

8.11 ± 0.03

8.08 ± 0.00

8.13 ± 0.06

9.02 ± 0.04

9.02 ± 0.07

10.12 ± 0.01

n,
no. of trials
3

2

2

4

2

2

4

2

3

Stock

Concentration,
ppm
48.7 ± 0.7

%
Removed
---

6-10

40.7 ± 0.6

16 ± 2

Stock

68 ± 2

---

6-10

55 ± 2

18 ± 2

Stock

38.3 ± 0.7

---

6-10

31 ± 1

18 ± 3

Stock

100 ± 5

---

6-10

79 ± 4

22 ± 2

Stock

98 ± 3

---

6-10

78 ± 1

20 ± 1

0.9 % (w/v)

Stock

96 ± 2

---

Saline

6-10

78 ± 1

19 ± 1

DI water

Stock

98 ± 1

---

6-10

84.1 ± 0.9

14 ± 2

Stock

101 ± 2

---

6-10

81.5 ± 1

19 ± 1

Stock

93.5 ± 0.6

---

6-10

90 ± 2

4±1

Matrix

Fraction

DI water

DI water

Well water

DI water

Well water

Well water

DI water
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Table A-2: Removal of 4-isopropylphenol from DI water at pH 5.52 ± 0.07. The
aqueous sample was passed through a 2.0 cm i.d. chromatographic column at
a flow rate of 10 mL/min. Averages are from 3 trials.
Fraction

pH

Concentration,
ppm
48.7 ± 0.7

% Removed

5.52 ± 0.07

Absorbance
at 275 nm
0.294 ± 0.004

Stock
4

5.53 ± 0.12

0.202 ± 0.005

33.5 ± 0.9

31.3 ± 0.9

5

5.22 ± 0.35

0.230 ± 0.003

38.0 ± 0.5

21.9 ± 0.9

6

4.87 ± 0.15

0.240 ± 0.003

39.7 ± 0.5

18.5 ± 0.3

7

4.80 ± 0.08

0.247 ±0.007

41 ± 1

16 ± 2

8

4.72 ± 0.06

0.247 ± 0.003

40.9 ± 0.5

16.0 ± 0.6

9

4.70 ± 0.08

0.247 ± 0.002

40.7 ± 0.3

16.3 ± 0.9

10

4.65 ± 0.01

0.250 ± 0.002

41.3 ± 0.4

15.1 ± 0.4

Average %
removed from
fractions 6-10

16 ± 2

---
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Table A-3: Removal of 4-isopropylphenol from DI water at pH 7.01 ± 0.07. The
aqueous sample was passed through a 2.0 cm i.d. chromatographic column at
a flow rate of 10 mL/min. Averages are from 2 trials.
Fraction

pH

Concentration,
ppm
68 ± 2

% Removed

7.01 ± 0.07

Absorbance
at 275 nm
0.410 ±0.015

Stock
4

5.70 ± 0.01

0.268 ± 0.016

44 ± 3

35 ± 2

5

5.00 ± 0.02

0.311 ± 0.011

51 ± 2

25 ± 2

6

5.00 ± 0.24

0.327 ± 0.011

54 ± 2

22 ± 3

7

4.90 ± 0.02

0.329 ± 0.017

54 ± 3

21 ± 2

8

4.90 ± 0.05

0.333 ± 0.015

55 ± 3

20 ± 2

9

4.92 ± 0.01

0.339 ± 0.016

56 ± 3

19 ± 3

10

4.88 ± 0.03

0.344 ± 0.088

57 ± 1

18 ± 4

Average %
removed from
fractions 6-10

18 ± 2

---
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Table A-4: Removal of 4-isopropylphenol from well water at pH 7.17 ± 0.04. The
aqueous sample was passed through a 2.0 cm i.d. chromatographic column at
a flow rate of 10 mL/min. Averages are from 2 trials.
Fraction

pH

Concentration,
ppm
38 ± 1

% Removed

7.17 ± 0.04

Absorbance
at 275 nm
0.232 ± 0.004

Stock
4

6.23 ± 0.39

0.153 ± 0.012

25 ± 2

34 ± 4

5

6.31 ± 0.35

0.174 ± 0.013

29 ± 2

25 ± 4

6

6.38 ± 0.34

0.183 ± 0.008

30 ± 1

21 ± 2

7

6.45 ± 0.29

0.185 ± 0.010

31 ± 2

20 ± 3

8

6.54 ± 0.26

0.191 ± 0.005

31.5 ± 0.9

17.7 ± 0.8

9

6.61 ± 0.26

0.191 ± 0.001

31.6 ± 0.2

17.5 ± 0.9

10

6.65 ± 0.25

0.200 ± 0.006

33.0 ± 0.9

14 ± 4

Average %
removed from
fractions 6-10

18 ± 3

---
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Table A-5: Removal of 4-isopropylphenol from DI water at pH 8.11 ± 0.03. The
aqueous sample was passed through a 2.0 cm i.d. chromatographic column at
a flow rate of 10 mL/min. Averages are from 4 trials.
Fraction

pH

Concentration,
ppm
100 ± 5

% Removed

8.11 ± 0.03

Absorbance
at 275 nm
0.602 ± 0.029

Stock
4

6.17 ± 0.03

0.400 ± 0.025

66 ± 4

34 ± 3

5

5.78 ± 0.13

0.449 ± 0.023

74 ± 4

25 ± 3

6

5.66 ± 0.09

0.475 ± 0.005

79 ± 1

21 ± 4

7

5.61 ± 0.09

0.474 ± 0.018

78 ± 3

21 ± 3

8

5.54 ± 0.06

0.478 ± 0.025

79 ± 4

21 ± 3

9

5.54 ± 0.08

0.479 ± 0.028

79 ± 5

20 ± 4

10

5.54 ± 0.05

0.476 ± 0.025

78 ± 4

21 ± 2

Average %
removed from
fractions 6-10

22 ± 2

---
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Table A-6: Removal of 4-isopropylphenol from well water at pH 8.08 ± 0.00. The
aqueous sample was passed through a 2.0 cm i.d. chromatographic column at
a flow rate of 10 mL/min. Averages are from 2 trials.
Fraction

pH

Concentration,
ppm
98 ± 3

% Removed

8.08 ± 0.00

Absorbance
at 275 nm
0.592 ± 0.015

Stock
4

6.02 ± 0.16

0.400 ± 0.012

66 ± 2

32.5 ± 0.3

5

6.04 ± 0.12

0.449 ± 0.013

74 ± 2

24.1 ± 0.3

6

6.09 ± 0.04

0.463 ± 0.008

77 ± 1

21.7 ± 0.6

7

6.18 ± 0.04

0.470 ± 0.011

78 ± 2

20.5 ±0.2

8

6.14 ± 0.01

0.475 ± 0.007

78 ± 1

19.8 ± 0.9

9

6.19 ± 0.01

0.481 ± 0.008

80 ± 1

18.7 ± 0.8

10

6.30 ± 0.04

0.481 ± 0.08

80 ± 1

18.7 ± 0.8

Average %
removed from
fractions 6-10

20 ± 1

---
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Table A-7: Removal of 4-isopropylphenol from 0.9% (w/v) Saline solution at pH
8.13 ± 0.06. The aqueous sample was passed through a 2.0 cm i.d.
chromatographic column at a flow rate of 10 mL/min. Averages are from 2
trials.
Fraction

pH

Concentration,
ppm
96 ± 2

% Removed

8.13 ± 0.06

Absorbance
at 275 nm
0.580 ±0.011

Stock
4

7.90 ± 0.08

0.399 ± 0.017

66 ± 3

31 ± 2

5

7.91 ± 0.00

0.452 ± 0.023

75 ± 4

22 ± 3

6

7.93 ± 0.00

0.468 ± 0.002

77.3 ± 0.4

19 ± 1

7

7.95 ± 0.00

0.466 ± 0.011

77 ± 2

19.7 ± 0.4

8

7.96 ± 0.01

0.475 ± 0.017

79 ± 3

18 ± 1

9

7.96 ± 0.00

0.475 ± 0.006

79 ±1

18.1 ± 0.5

10

7.96 ± 0.01

0.478 ± 0.004

79.1 ± 0.6

18 ± 1

Average %
removed from
fractions 6-10

19 ± 1

---

61

Appendix I (Continued)

Table A-8: Removal of 4-isopropylphenol from DI water at pH 9.02 ± 0.04. The
aqueous sample was passed through a 2.0 cm i.d. chromatographic column at
a flow rate of 10 mL/min. Averages are from 4 trials.
Fraction

pH

Concentration,
ppm
98 ± 1

% Removed

9.02 ± 0.04

Absorbance
at 275 nm
0.595 ± 0.007

Stock
4

5.93 ± 0.32

0.432 ± 0.008

71 ± 1

27 ± 2

5

5.60 ± 0.20

0.484 ± 0.006

80.0 ± 0.9

19 ± 2

6

5.39 ± 0.11

0.495 ± 0.009

82 ± 2

17 ± 2

7

5.35 ± 0.07

0.506 ± 0.003

83.6 ± 0.6

15 ± 2

8

5.30 ± 0.05

0.514 ± 0.004

84.9 ± 0.7

14 ± 2

9

5.31 ± 0.06

0.515 ± 0.004

85.1 ± 0.7

13 ± 2

10

5.28 ± 0.06

0.515 ± 0.004

85.2 ± 0.7

13 ± 1

Average %
removed from
fractions 6-10

14 ± 2

---
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Table A-9: Removal of 4-isopropylphenol from well water at pH 9.02 ± 0.07. The
aqueous sample was passed through a 2.0 cm i.d. chromatographic column at
a flow rate of 10 mL/min. Averages are from 2 trials.
Fraction

pH

Concentration,
ppm
101 ± 2

% Removed

9.02 ± 0.07

Absorbance
at 275 nm
0.610 ± 0.013

Stock
4

6.87 ± 0.06

0.420 ± 0.021

70 ± 3

31 ± 2

5

6.93 ± 0.07

0.470 ± 0.014

78 ± 2

23.0 ± 0.6

6

6.97 ± 0.08

0.486 ± 0.011

80 ± 2

20.3 ± 0.2

7

7.00 ± 0.08

0.488 ± 0.004

80.7 ± 0.6

20 ± 2

8

7.01 ± 0.07

0.493 ± 0.007

82 ± 1

19 ± 3

9

7.03 ± 0.08

0.495 ± 0.004

81.8 ± 0.7

19 ± 2

10

7.05 ± 0.07

0.503 ± 0.001

83.1 ± 0.2

18 ± 2

Average %
removed from
fractions 6-10

19 ± 1

---
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Table A-10: Removal of 4-isopropylphenol from DI water at pH 10.12 ± 0.01. The
aqueous sample was passed through a 2.0 cm i.d. chromatographic column at
a flow rate of 10 mL/min. Averages are from 3 trials.
Fraction

pH

Concentration,
ppm
93.5 ± 0.6

% Removed

10.12 ± 0.01

Absorbance
at 275 nm
0.566 ± 0.003

Stock
4

5.99 ± 0.09

0.455 ±0.016

75 ± 3

20 ± 3

5

5.80 ± 0.18

0.519 ± 0.016

86 ± 3

8±2

6

5.76 ± 0.13

0.538 ± 0.012

89 ± 2

5±2

7

5.78 ± 0.14

0.542 ± 0.012

90 ± 2

4±2

8

5.73 ± 0.14

0.541 ± 0.004

89.4 ± 0.6

4.4 ± 0.9

9

5.76 ± 0.16

0.545 ± 0.009

90 ± 2

4±1

10

5.75 ± 0.15

0.549 ± 0.010

91 ± 2

3±1

Average %
removed from
fractions 6-10

4±1

---
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Table B-1: Removal of 4-(t-butyl) phenol from DI water as the matrix. Column
chromatography or batch method with Octolig® was used to investigate
removal. For column chromatography the solution was passed through a 2.0
cm i.d. column packed with 70-75 cm3 of Octolig® at a flow rate of 10
mL.min. Fractions of 50 mL were collected and analyzed. For the batch
method approximately 5 grams of Octolig® was placed in an Erlenmeyer
flask and covered with 100 mL of the sample solution. After five minutes of
shaking at 240 rpm an aliquot was taken for UV-Vis analysis.
pHi of stock
solution
9.84 ± 0.07

9.04 ± 0.02

9.70 ± 0.00

8.99 ± 0.00

8.70 ± 0.00

Method for
removal
Column

Column

Batch

Batch

Batch

n,
no. of
trials

Fraction

Concentration,
ppm

% Removed

Stock

93 ± 1

---

6-10

78 ± 2

16 ± 2

Stock

23 ± 3

---

6-10

16 ± 2

29 ± 8

Stock

93 ± 0

---

Aliquot

79 ± 3

15 ± 2

Stock

24 ± 0

---

Aliquot

17.6 ± 0.3

25 ± 1

Stock

8±0

---

Aliquot

6.2 ± 0.2

26 ± 2

4

2

4

5

5
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Table B-2: Removal of 4-(t-butyl) phenol from DI water at pH 9.84 ± 0.07. The
aqueous sample was passed through a 2.0 cm i.d. chromatographic column at
a flow rate of 10 mL/min. Averages are from 4 trials.
Fraction

pH

Concentration,
ppm
93 ± 1

% Removed

9.84 ± 0.07

Absorbance
at 274 nm
0.492 ± 0.007

Stock
4

6.79 ± 0.08

0.352 ± 0.010

68 ± 2

29 ± 2

5

6.41 ± 0.10

0.385 ± 0.007

73 ± 1

22 ± 2

6

6.15 ± 0.08

0.400 ± 0.008

76 ± 2

19 ± 2

7

5.98 ± 0.08

0.408 ± 0.010

77 ± 2

17 ± 2

8

5.85 ± 0.07

0.415 ± 0.010

78 ± 2

16 ± 2

9

5.83 ± 0.04

0.418 ± 0.008

79 ± 2

15 ± 2

10

5.83 ± 0.10

0.421 ± 0.006

79 ± 1

14 ± 2

Average %
removed from
fractions 6-10

16 ± 2

---
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Table B-3: Removal of 4-(t-butyl) phenol from DI water at pH 9.04 ± 0.02. The
aqueous sample was passed through a 2.0 cm i.d. chromatographic column at
a flow rate of 10 mL/min. Averages are from 2 trials.
Fraction

pH

Concentration,
ppm
23 ± 3

% Removed

9.04 ± 0.02

Absorbance
at 274 nm
0.122 ± 0.015

Stock
5

5.16 ± 0.04

0.070 ± 0.014

13 ± 3

43 ± 4

6

5.00 ± 0.08

0.071 ± 0.015

13 ± 3

42 ± 5

7

4.95 ± 0.02

0.092 ± 0.006

17 ± 1

24 ± 4

8

4.88 ± 0.02

0.090 ± 0.007

17 ± 1

25 ± 15

9

4.88 ± 0.05

0.092 ± 0.003

17.3 ± 0.6

24 ± 7

10

4.88 ± 0.01

0.087 ± 0.004

16.3 ± 0.8

29 ± 5

Average %
removed from
fractions 6-10

29 ± 8

---
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Table B-4: Removal of 4-(t-butyl) phenol from DI water at pH 9.70 using the batch
method. 100 mL of the solution was added to an Erlenmeyer flask containing
about 5 grams Octolig®. The flask was shaken at 240 rpm for 5 minutes and
an aliquot was collected and analyzed.
Octolig®,
grams
---

9.70

Absorbance
at 274 nm
0.491

Concentration,
ppm
92.6

5.0638

5.74

0.418

78.8

14.9

2

5.0590

5.99

0.401

75.6

18.4

3

5.0223

5.98

0.432

81.4

12.1

4

5.0289

6.01

0.424

80.0

13.6

Average
% removed

15 ± 2

Trial
Initial
Solution
1

pH

% Removed
---

Table B-5: Removal of 4-(t-butyl) phenol from DI water at pH 8.99 using the batch
method. 100 mL of the solution was added to an Erlenmeyer flask containing
about 5 grams Octolig®. The flask was shaken at 240 rpm for 5 minutes and
an aliquot was collected and analyzed.
Octolig®,
grams
---

8.99

Absorbance
at 274 nm
0.124

Concentration,
ppm
23.5

5.0189

5.43

0.092

17.4

25.8

2

5.0185

5.40

0.093

17.6

25.2

3

5.0118

5.44

0.096

18.1

22.8

4

5.0197

5.38

0.092

17.3

26.2

Average
% removed

25 ± 1

Trial
Initial
Solution
1

pH

% Removed
---
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Table B-6: Removal of 4-(t-butyl) phenol from DI water at pH 8.70 using the batch
method. 100 mL of the solution was added to an Erlenmeyer flask containing
about 5 grams Octolig®. The flask was shaken at 240 rpm for 5 minutes and
an aliquot was collected and analyzed.
Octolig®,
grams
---

8.70

Absorbance
at 274 nm
0.045

Concentration,
ppm
8.4

5.0138

5.33

0.034

6.4

23.6

2

5.0157

5.23

0.032

6.1

27.8

3

5.0122

5.35

0.032

6.1

27.1

4

5.0138

5.39

0.032

5.9

29.3

Average
% removed

26 ± 2

Trial
Initial
Solution
1

pH

% Removed
---
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Table C-1: Removal of 4-nitrophenol from aqueous solutions using column
chromatography and Octolig®. The solutions were passed through a 2.0 cm
i.d. column packed with 70-75 cm3 of Octolig® at a flow rate of 10 mL/min.
Fractions of 50 mL were collected and analyzed.
pHi
of stock
solution
4.62 ± 0.02

6.02 ± 0.04

n,
no. of
trials
2

3

Matrix

Fraction

Concentration,
ppm

% Removed

DI water

Stock

9.8 ± 0.1

---

4-10

0.2 ± 0.1

98 ± 1

Stock

99.9 (trial 1)

---

DI water

9.6 ± 0.1 (trial 2 &3)

7.58 ± 0.01

7.58 ± 0.01

2

2

DI water

Well water

4-10

0.1 ± 0.1

99.7 ± 0.8

Stock

9.9 ± 0.4

---

4-10

0±0

100.0 ± 0.4

Stock

11.0 ± 0.4

---

4-10

0±0

100.0 ± 0.2
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Table C-2: Removal of 4-nitrophenol from DI water at pH 4.62 ± 0.02. The aqueous
sample was passed through a 2.0 cm i.d. chromatographic column at a flow
rate of 10 mL/min. Averages are from 2 trials.
Fraction

pH

Concentration,
ppm
9.8 ± 0.1

% Removed

4.62 ± 0.02

Absorbance
at 317 nm
0.671 ± 0.008

Stock
4

5.18 ± 0.01

0.016 ± 0.002

0.2 ± 0.0

97.7± 0.4

5

5.06 ± 0.11

0.013 ± 0.005

0.2 ± 0.1

98.1 ± 0.8

6

4.76 ± 0.48

0.009 ± 0.005

0.1 ± 0.1

98.7 ± 0.7

7

4.73 ± 0.62

0.012 ± 0.005

0.2 ± 0.1

98.3 ± 0.8

8

4.60 ± 0.40

0.012 ± 0.006

0.2 ± 0.1

98.3 ± 0.8

9

4.74 ± 0.30

0.013 ± 0.010

0.2 ± 0.1

98 ± 2

10

4.57 ± 0.28

0.017 ± 0.015

0.2 ± 0.2

98 ± 2

Average %
removed from
fractions 4-10

98 ± 1

---
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Table C-3: Removal of 4-nitrophenol from DI water at pH 5.98. The aqueous sample
was passed through a 2.0 cm i.d. chromatographic column at a flow rate of 10
mL/min. n = 1
Fraction

pH

Concentration,
ppm
99.9

% Removed

5.98

Absorbance
at 317 nm
1.71

Stock
4

5.14

0.007

0.1

99.9

5

5.18

0.006

0.1

99.9

6

5.18

0.005

0.1

99.9

7

5.18

0.006

0.1

99.9

8

5.21

0.006

0.1

99.9

9

5.16

0.007

0.1

99.9

10

5.20

0.007

0.1

99.9

Average %
removed from
fractions 4-10

99.9 ± 0.0

---
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Table C-4: Removal of 4-nitrophenol from DI water at pH 6.04 ± 0.04. The aqueous
sample was passed through a 2.0 cm i.d. chromatographic column at a flow
rate of 10 mL/min. Averages are from 2 trials.
Fraction

pH

Concentration,
ppm
9.6 ± 0.1

% Removed

6.04 ± 0.04

Absorbance
at 317 nm
0.659 ± 0.005

Stock
4

5.13 ± 0.16

-0.001 ± 0.002

0±0

100.2 ± 0.3

5

4.94 ± 0.16

-0.002 ± 0.002

0±0

100.3 ± 0.3

6

4.82 ± 0.09

-0.001 ± 0.005

0.0 ± 0.1

100.2 ± 0.8

7

4.83 ± 0.06

-0.001 ± 0.004

0.0 ± 0.1

100.2 ± 0.7

8

4.79 ± 0.06

0.005 ± 0.013

0.1 ± 0.2

99 ± 2

9

4.78 ± 0.07

0.009 ± 0.008

0.1 ± 0.1

99 ± 1

10

4.75 ± 0.04

0.010 ± 0.010

0.1 ± 0.1

99 ± 2

Average %
removed from
fractions 4-10

100 ± 1

---
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Table C-5: Removal of 4-nitrophenol from DI water at pH 7.58 ± 0.01. The aqueous
sample was passed through a 2.0 cm i.d. chromatographic column at a flow
rate of 10 mL/min. Averages are from 2 trials.
Fraction

pH

Concentration,
ppm
9.9 ± 0.4

% Removed

7.58 ± 0.01

Absorbance
at 317 nm
0.658 ± 0.003

Stock
4

5.06 ± 0.11

0.000 ± 0.001

0±0

100.1 ± 0.1

5

4.99 ± 0.09

0.000 ± 0.001

0±0

100.0 ± 0.2

6

4.94 ± 0.03

-0.001 ± 0.003

0±0

100.0 ± 0.4

7

4.95 ± 0.06

0.000 ± 0.001

0±0

100.0 ± 0.1

8

4.91 ± 0.00

0.000 ± 0.003

0.0 ± 0.1

100.0 ± 0.5

9

4.92 ± 0.01

0.001 ± 0.002

0±0

100.0 ± 0.3

10

4.91 ± 0.01

0.001 ± 0.004

0.0 ± 0.1

99.9 ± 0.6

Average %
removed from
fractions 4-10

100.0 ± 0.4

---
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Table C-6: Removal of 4-nitrophenol from well water at pH 7.58 ± 0.01. The
aqueous sample was passed through a 2.0 cm i.d. chromatographic column at
a flow rate of 10 mL/min. Averages are from 2 trials.
Fraction

pH

Concentration,
ppm
11.0 ± 0.4

% Removed

7.58 ± 0.01

Absorbance
at 317 nm
0.713 ± 0.028

Stock
4

5.78 ± 0.01

-0.001 ± 0.000

0±0

100 ± 0

5

5.91 ± 0.01

0.001 ± 0.000

0±0

100 ± 0

6

5.96 ± 0.02

0.002 ± 0.004

0.0 ± 0.1

99.9 ± 0.5

7

6.00 ± 0.06

-0.002 ± 0.000

0±0

100 ± 0

8

6.03 ± 0.11

-0.003 ± 0.001

0±0

100.5 ± 0.2

9

6.07 ± 0.10

-0.004 ± 0.001

0±0

100.6 ± 0.2

10

6.13 ± 0.07

0.001 ± 0.002

0±0

100.0 ± 0.3

Average %
removed from
fractions 4-10

100.2 ± 0.2

---
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Table D-1: Removal of 2-nitrophenol from aqueous solutions using column
chromatography and Octolig®. The solutions were passed through a 2.0 cm
i.d. column packed with 70-75 cm3 of Octolig® at a flow rate of 10 mL.min.
Fractions of 50 mL were collected and analyzed.
pHi
of stock
solution
4.83 ± 0.02

6.04 ± 0.05

7.65 ± 0.06

n,
no. of
trials
2

2

4

Matrix

Fraction

Concentration,
ppm

% Removed

DI water

Stock

9±0

---

4-10

0±0

99.3 ± 0.4

Stock

9±0

---

4-10

0±0

99.9 ±0.3

Stock

9.6 ± 0.3

---

4-10

0.0 ± 0.1

99.5 ± 0.9

DI water

DI water
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Table D-2: Removal of 2-nitrophenol from DI water at pH 4.83 ± 0.02. The aqueous
sample was passed through a 2.0 cm i.d. chromatographic column at a flow
rate of 10 mL/min. Averages are from 2 trials.
Fraction

pH

Concentration,
ppm
9±0

% Removed

4.83 ± 0.02

Absorbance
at 278 nm
0.422 ± 0.000

Stock
4

4.75 ± 0.14

0.005 ± 0.001

0±0

98.8 ± 0.2

5

4.57 ± 0.26

0.004 ± 0.002

0±0

99.1 ± 0.4

6

4.46 ± 0.18

0.004 ± 0.001

0±0

98.9 ± 0.2

7

4.43 ± 0.21

0.002 ± 0.001

0±0

99.5 ± 0.3

8

4.40 ± 0.22

0.001 ± 0.001

0±0

99.7 ± 0.2

9

4.43 ± 0.15

0.002 ± 0.001

0±0

99.5 ± 0.1

10

4.40 ± 0.25

0.002 ± 0.000

0±0

100 ± 0

Average %
removed from
fractions 4-10

99.3 ± 0.4

---
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Table D-3: Removal of 2-nitrophenol from DI water at pH 6.04 ± 0.05. The aqueous
sample was passed through a 2.0 cm i.d. chromatographic column at a flow
rate of 10 mL/min. Averages are from 2 trials.
Fraction

pH

Concentration,
ppm
9±0

% Removed

6.04 ± 0.05

Absorbance
at 278 nm
0.425 ± 0.002

Stock
4

4.47 ± 0.18

0.001 ± 0.001

0±0

99.8 ± 0.2

5

4.44 ± 0.11

-0.001 ± 0.001

0±0

100.2 ± 0.3

6

4.46 ± 0.11

-0.001 ± 0.000

0±0

100 ± 0

7

4.47 ± 0.08

0.000 ± 0.000

0±0

100 ± 0

8

4.47 ± 0.11

-0.001 ± 0.000

0±0

100.2 ± 0.1

9

4.47 ± 0.05

0.001 ± 0.003

0.0 ± 0.1

99.6 ± 0.7

10

4.50 ± 0.09

-0.001 ± 0.001

0±0

100.1 ± 0.2

Average %
removed from
fractions 4-10

99.9 ± 0.3

---
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Table D-4: Removal of 2-nitrophenol from DI water at pH 7.65 ± 0.06. The aqueous
sample was passed through a 2.0 cm i.d. chromatographic column at a flow
rate of 10 mL/min. Averages are from 2 trials.
Fraction

pH

Concentration,
ppm
9.6 ± 0.3

% Removed

7.65 ± 0.06

Absorbance
at 278 nm
0.439 ± 0.016

Stock
4

4.89 ± 0.09

0.003 ± 0.003

0.1 ± 0.1

99.4 ± 0.6

5

4.79 ± 0.07

0.002 ± 0.003

0.1 ±0.1

99.5 ± 0.6

6

4.74 ± 0.08

0.001 ± 0.001

0±0

99.8 ± 0.3

7

4.74 ± 0.07

0.004 ± 0.003

0.1 ± 0.1

99.2 ± 0.7

8

4.74 ± 0.07

0.001 ± 0.003

0.0 ± 0.1

99.9 ± 0.6

9

4.72 ± 0.10

0.002 ± 0.001

0±0

99.6 ± 0.2

10

4.72 ± 0.06

0.001 ± 0.001

00 ± 0

99.6 ± 0.3

Average %
removed from
fractions 4-10

100 ± 1

---

79

Appendix I (Continued)

Table E-1: Removal of 3-nitrophenol from aqueous solutions by Octolig® using
column chromatography or the batch method.
pHi of stock
solution

Method for
removal

5.01 ± 0.07

Column

7.00 ± 0.00

8.44 ± 0.00

5.13 ± 0.00

7.10 ± 0.08

8.35 ± 0.00

9.40 ± 0.00

Column

Column

Batch

Batch

Batch

Batch

n,
no. of
trials
2

1

1

3

3

3

3

Fraction

Concentration,
ppm

% Removed

Stock

9.6 ± 0.1

---

4-10

5±1

inconclusive

Stock

10 ± 0

---

4-10

6±3

inconclusive

Stock

10 ± 0

---

4-10

6±3

inconclusive

Stock

10 ± 0

---

Aliquot

7.9 ± 0.1

18.5 ± 0.6

Stock

10 ± 0

---

Aliquot

7.7 ± 0.1

19.3 ± 0.1

Stock

10 ± 0

---

Aliquot

8±0

18.4 ± 0.4

Stock

10 ± 0

---

Aliquot

8±0

18.0 ± 0.3
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Table E-2: Removal of 3-nitrophenol from DI water at pH 5.01 ± 0.07. The aqueous
sample was passed through a 2.0 cm i.d. chromatographic column at a flow
rate of 10 mL/min. Averages are from 2 trials.
Fraction

pH

Concentration,
ppm
9.6 ± 0.1

% Removed

5.01 ± 0.07

Absorbance
at 273 nm
0.412 ± 0.004

Stock
4

5.01 ± 0.03

0.015 ± 0.022

0.3 ± 0.5

96 ± 5

5

4.70 ± 0.15

0.055 ± 0.070

1±2

87 ± 17

6

4.46 ± 0.06

0.114 ± 0.110

3±3

73 ± 26

7

4.63 ± 0.19

0.236 ± 0.043

6±1

43 ± 10

8

4.50 ± 0.11

0.291 ± 0.040

6.8 ± 0.9

29 ± 9

9

4.43 ± 0.01

0.352 ± 0.026

8.2 ± 0.6

15 ± 6

10

4.46 ± 0.06

0.335 ± 0.029

7.8 ± 0.7

19 ± 6

---
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Table E-3: Removal of 3-nitrophenol from DI water at pH 7.00 ± 0.00. The aqueous
sample was passed through a 2.0 cm i.d. chromatographic column at a flow
rate of 10 mL/min. n = 1

7.00

Absorbance at
273 nm
0.410

Concentration,
ppm
9.5

4

5.04

0.037

1.0

91.1

5

5.05

0.114

2.7

72.2

6

4.94

0.202

4.7

50.9

7

4.92

0.271

6.3

34.0

8

4.89

0.322

7.5

21.6

9

4.85

0.370

8.6

9.7

10

4.84

0.353

8.2

14.0

Fraction

pH

Stock

% removed
---
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Table E-4: Removal of 3-nitrophenol from DI water at pH 8.44 ± 0.00. The aqueous
sample was passed through a 2.0 cm i.d. chromatographic column at a flow
rate of 10 mL/min. n = 1

8.44

Absorbance at
273 nm
0.411

Concentration,
ppm
9.6

4

5.80

0.040

0.9

90.4

5

4.99

0.103

2.4

74.9

6

4.86

0.194

4.5

52.7

7

4.85

0.270

6.3

34.3

8

4.83

0.325

7.6

20.9

9

4.82

0.361

8.4

12.2

10

4.81

0.380

8.9

7.5

Fraction

pH

Stock

% removed
---
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Table E-5: Removal of 3-nitrophenol from DI water at pH 5.13 ± 0.00 using the
batch method. 100 mL of the solution was added to an Erlenmeyer flask
containing about 5 grams Octolig®. The flask was shaken at 240 rpm for 5
minutes and an aliquot was collected and analyzed.
Octolig®,
grams
---

5.13

Absorbance
at 273 nm
0.419

Concentration,
ppm
9.7

5.0141

4.98

0.344

8.0

17.8

2

5.011

4.74

0.339

7.9

19.1

3

5.0113

4.76

0.341

7.9

18.6

Trial
Initial
Solution
1

pH

Average
% removed

% Removed
---

18.5 ± 0.6

Table E-6: Removal of 3-nitrophenol from DI water at pH 7.10 ± 0.08 using the
batch method. 100 mL of the solution was added to an Erlenmeyer flask
containing about 5 grams Octolig®. The flask was shaken at 240 rpm for 5
minutes and an aliquot was collected and analyzed.
Octolig®,
grams
---

7.10 ± 0.08

Absorbance
at 273 nm
0.415

Concentration,
ppm
9.7

%
Removed
---

5.0477

5.05

0.335

7.8

19.2

2

5.0656

5.19

0.334

7.8

19.2

3

5.0986

5.28

0.328

7.6

19.3

Trial
Initial
Solution
1

pH

Average
% removed

19.3 ± 0.1
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Table E-7: Removal of 3-nitrophenol from DI water at pH 8.35 ± 0.00 using the
batch method. 100 mL of the solution was added to an Erlenmeyer flask
containing about 5 grams Octolig®. The flask was shaken at 240 rpm for 5
minutes and an aliquot was collected and analyzed.
Octolig®,
grams
---

8.35

Absorbance
at 273 nm
0.411

Concentration,
ppm
9.55

5.0007

5.02

0.334

7.76

18.7

2

5.0173

5.00

0.335

7.78

18.5

3

5.0160

5.13

0.337

7.83

17.9

Average
% removed

18.4 ± 0.4

Trial
Initial
Solution
1

pH

% Removed
---

Table E-8: Removal of 3-nitrophenol from DI water at pH 9.40 ± 0.00 using the
batch method. 100 mL of the solution was added to an Erlenmeyer flask
containing about 5 grams Octolig®. The flask was shaken at 240 rpm for 5
minutes and an aliquot was collected and analyzed.
Octolig®,
grams
---

9.40

Absorbance
at 273 nm
0.407

Concentration,
ppm
9.47

5.0053

5.25

0.333

7.7

18.3

2

5.0040

5.30

0.335

7.8

17.7

3

5.0132

5.32

0.334

7.8

18.0

Average
% removed

18.0 ± 0.3

Trial
Initial
Solution
1

pH

% Removed
---
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Appendix II: UV-Vis Spectra and Calibration Curves for Model Compounds

Figure A-1: UV-Vis spectrum of 4-isopropylphenol standards in DI water. Each standard
was made by diluting a 500 ppm stock solution with sodium phosphate buffer at
an approximate pH of 7.5.

Figure A-2: Calibration curve for 4-isopropylphenol. Standard concentrations were made
by dilution of a 500 ppm (3.67 × 10-3 M) stock solution. The fit to the data
provides the equation in which the slope is the molar extinction coefficient,
A=1651 M-1(C) + 0.0016, R2=1.
86

Appendix II (Continued)

Figure B-1: UV-Vis spectrum of 4-(t-butyl) phenol standards in DI water. The change in
pH at different dilutions shows the shift of the λmax from 282 nm at 120 ppm to
274 nm at 40 ppm.

Figure B-2: UV-Vis spectrum of 4-(t-butyl) phenol standards in DI water. The pH of the
standards was maintained with a sodium phosphate buffer at an approximate pH
of 6.7.
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Figure B-3: Calibration curve for 4-(t-butyl) phenol. Standard concentrations were made
by dilution of a 500 ppm (3.33 × 10-3 M) stock solution. The fit to the data
provides the equation in which the slope is the molar extinction coefficient,
A=1592 M-1(C) + 0.009, R2=0.9992.
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Figure C-1: UV-Vis spectrum of 4-nitrophenol standards in DI water. The pH of the
standards was 4.54 ± 0.07.

Figure C-2: Calibration curve for 4-nitrophenol. Standard concentrations were made by
dilution of a 500 ppm (3.59 × 10-3 M) stock solution. The fit to the data provides
the equation in which the slope is the molar extinction coefficient,
A=9534 M-1(C) + 0.007, R2=1.000.
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Figure D-1: UV-Vis spectrum of 2-nitrophenol calibration standards in DI water. The pH
of the standards was 4.30 ± 0.10.

Figure D-2: Calibration curve for 2-nitrophenol. Standard concentrations were made by
dilution of a 100 ppm (7.19 × 10-4 M) stock solution. The fit to the data provides
the equation in which the slope is the molar extinction coefficient,
A=6354 M-1(C) – 0.0044, R2=1.000.
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Figure E-1: UV-Vis spectrum of 3-nitrophenol calibration standards in DI water. The pH
of the standards was 5.07 ± 0.10.

Figure E-2: Calibration curve for 3-nitrophenol. Standard concentrations were made by
dilution of a 100 ppm (7.19 × 10-4 M) stock solution. The fit to the data provides
the equation in which the slope is the molar extinction coefficient,
A=5988 M-1(C) + 0.003, R2=0.999.
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